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Preface
This thesis entitled “Basalt Alteration and Implications – From Mars to the UK Continental
Shelf” has been submitted to the Department of Geosciences at the University of Oslo in
accordance with the dissertation requirements for the degree of Philosophiae Doctor (PhD) in
Geosciences.
Paper I was a result of a bilateral collaboration project “Earth-Mars Analogues: Origination
and Distribution of Clay Minerals in Impact Crater Environments” between Department of
Geosciences and The Centre for Earth Evolution and Dynamics (CEED) at UiO, and Université
Paris-Sud. Paper I was funded by the Research Council of Norway (NFR), European Union’s
Horizon 2020 Research and Innovation Programme and AURORA PHC. Papers II and III were
supported by the Department of Geosciences and the Norwegian Ministry of Education and
Research (KD).
The main objectives of this thesis were to study basalt alteration and formation of secondary
phases and their implications on Mars (Paper I), and potential consequences for petroleum
reservoirs influenced by the presence of mafic lithologies (Papers II and III). This new
knowledge was to be acquired using several analytical tools: XRD, XRF, NIR, SEM-EDS,
performing hydrothermal batch experiments, geochemical modelling and petrographic studies
of core samples.
The thesis consists of an introduction providing background information on basalt alteration
and implications on Earth and Mars, a general scientific background section, and three research
papers. The three papers in the last sections constitute the main part of this thesis.
Christian Sætre
Oslo, March 2019
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1. Introduction
1.1. Motivation and objectives of study
Basaltic rocks cover a significant portion of the Earth’s surface and most of the martian
crust. In the presence of water, especially at elevated temperatures, basaltic rocks alter
rapidly into secondary phases such as clays, zeolites and carbonates.
The focus of the thesis is the relation between basalt alteration, physical and chemical
conditions, and alteration products. The alteration products are directly linked to alteration
conditions, whereas basalt-fluid interactions themselves may alter sediment/rock properties.
The main objective was to better understand these two important aspects of basalt alteration
by studying; (1) the effect of temperature, aqueous and vapour phase chemistry, and
water/rock ratio on the alteration features of basalt; and (2) the effect of basalt alteration on
the reservoir quality.
On Mars, clay minerals are widespread, and there are several possible modes of formation
(e.g. Poulet et al., 2005; Ehlmann et al., 2011; Carter et al. 2013). Understanding their
formation on Mars may provide key knowledge to the hydrous history of today’s red and
dry planet. In a reservoir setting, clay minerals, in general, are especially important as their
presence may reduce permeability and porosity (e.g. Mathisen and McPherson, 1991;
Larsen et al., 2016). This, in turn, reduces reservoir productivity.

1.2. Approach
The study was performed to gain increased understanding of the hydrous alteration on Mars
(Paper I) and possible consequences of basalt alteration for petroleum system reservoir
properties (Papers II and III). This was achieved through several means: by performing
hydrothermal laboratory basalt alteration studies (Paper I); collecting and describing
relevant natural reservoir rock samples (Paper II); and conducting geochemical simulations
(Paper III). The backbone of the project was the use and combination of a range of
analytical techniques: e.g. X-ray Diffraction (XRD), Near Infrared Spectroscopy (NIR),
Scanning Electron Microscope (SEM), petrographic thin section studies, fluid inclusion
studies and geochemical modelling using the PHREEQC (v3) geochemical simulation
software (Parkhurst and Appelo, 2013). The basalt chemistry used in the hydrothermal
experiments in Paper I and observed on Rosebank (Papers II and III) are tholeiites of similar
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chemical compositions. The alteration mineralogy formed by the hydrous alteration of
these two basalts should therefore be comparable under similar alteration conditions.
Paper I was the result of the project Earth–Mars Analogues: Origination and Distribution
of Clay Minerals in Impact Crater Environments. The basalt analogue used was from
Stapafell on Iceland and provided by Sigurður Reynir Gislason (University of Iceland). The
Stapafell basalt is a good analogue as the tholeiitic composition is similar to common basalt
compositions observed on Mars (McSween et al., 2009). The experimental design was
chosen to expand on previous studies performed by Hellevang et al. (2013a) by
investigating the effect of pCO2, experimental fluid composition, temperature and
water/rock ratios. SEM, XRD and fluid composition studies were performed at UiO while
NIR was done at the Université Paris-Sud.
The objective of papers II and III was to assess the role of the basaltic lithologies on the
diagenetic system and possible consequences for reservoir properties. The work with
papers II and III began after contact with Cliona Dennehy working for Chevron North Sea
Limited (now Equinor UK Ltd.) and Dag Helland-Hansen. All available cores from wells
213/26-1, 213/26-1Z and 213/27-2 were logged and sampled during two days at Chevron’s
core storage facility located in Aberdeen. Representative samples from the Colsay 1 and 3
units of the Flett Formation, and the Rosebank Middle Volcanics (RMV) (Fig. 1), were
brought back to the University of Oslo (UiO) for further analysis. Analyses of these samples
made the basis for Paper II. Mineral abundances and basalt chemistry from Paper II
provided the input data in the geochemical model presented in Paper III.
Salahalldin Akhavan at UiO did sample preparation of thin sections while Lars Kirksæther
(Petrosec) prepared thick sections intended for fluid inclusion analysis. Preparation and
analyses of all XRD samples were carried out by the author at UiO. The author also
performed SEM-EDS analyses under the supervision of Siri Simonsen and Berit Løken
Berg at UiO. The author performed petrographic studies of thin sections. Activation
Laboratories Ltd. (ActLabs) in Ontario, Canada, performed XRF analysis.
The work also benefitted by discussions with Dag Helland-Hansen who has previously
worked with the Rosebank field development for Chevron and participated in the drilling
of the Rosebank discovery well.
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Figure 1. Left figure shows the Paleocene-Eocene stratigraphy of the FSB, while the right
figure displays the Rosebank stratigraphy. Samples used for Paper II and input in Paper III
came from the Colsay 1 and 3 units and the Rosebank Middle Volcanics (RMV). The figure
is taken from Paper II (Sætre et al., 2018), modified from Mudge (2015).
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2. Scientific background
2.1. Basalt alteration, authigenic phases and dissolution rates
Volcanic rock, and amorphous matter (glass) in particular, is highly reactive in the presence
of water and alters readily. This results in precipitation of secondary minerals such as clays,
zeolites and carbonates in different geological environments, viz. in hydrothermal areas (e.g.
Kristmannsdóttir and Tómasson, 1978; Kristmannsdóttir, 1979; Mehegan et al. 1982), on
Mars (Poulet et al., 2005; Ehlmann et al., 2011; Carter et al., 2013), and through diagenetic
reactions (Benson and Teague, 1982; Mathisen and McPherson, 1991; Neuhoff et al., 2000).
Such interactions have important roles in the global element cycle and CO2 budget through,
e.g. weathering and deep-sea alteration (Edmond et al., 1979; Hart and Staudigel, 1982;
Berner, 1992; Brady and Gislason, 1997; Dessert et al., 2003; Navarre-Sitchler and
Brantley, 2007). The clay minerals and zeolites are not solely related to hydrous alteration
of volcanic rocks but may also form by the interaction between, e.g. feldspars and water.
This can result in formation of kaolinite by meteoric water leaching of feldspars (Sommer,
1978; Bjørlykke et al., 1979) or laumontite from plagioclase (Boles and Coombs, 1977;
Helmold and van de Kamp, 1984).

2.1.1. Authigenic phases
Zeolites are alumino-silicate minerals with a framework holding water and exchangeable
cations mainly formed from a precursor volcanic glass (Gottardi, 1978; Chipera and Apps,
2001). They can form in a range of geological environments but are mainly restricted to
water saturated, neutral to alkaline solutions at temperatures <300°C (Chipera and Apps,
2001; Neuhoff et al., 2000). Composition of precursor material and fluid, pH, time and
temperature are important parameters controlling the species and amount of zeolite
formation (Hay, 1978; Surdam and Boles, 1979; Chipera and Apps, 2001). Due to the
necessity of Al, Si, alkali and alkaline-earth cations, zeolites are common products by
dissolution of volcanic rocks containing glass (Hay, 1978; Chipera and Apps, 2001).
The work of Coombs (1954) was important in emphasising the stratification of zeolites
with respect to burial depth. Interactions of basalts and groundwater have displayed
developments in zeolite zonation with increasing temperature (e.g. Walker 1960; Neuhoff
et al., 2000), varying between different geological settings (Fig. 2) (Neuhoff et al., 2000).
On the other hand, Surdam and Boles (1979) stressed that fluid composition and flow were
4

an important aspect in the development of mineral species in volcanogenic sandstones. The
formation of zeolites together with clay minerals has been associated with porosity
reduction in basalts during burial (Neuhoff et al., 1999). Zeolites also form in plagioclaserich sedimentary sequences by precipitation of laumontite from plagioclase feldspar and
volcanic rock fragments (Galloway, 1979; Helmold and van de Kamp, 1984). However,
increased CO2 partial pressures or reduced pH have been shown to cause laumontite
dissolution (Crossey et al., 1984).

Figure 2. Zeolite occurrences in various geological settings. Figure taken from Neuhoff et
al. (2000).

Clay minerals formed are commonly trioctahedral clays, such as saponite. Over time, at
elevated temperature, trioctahedral smectites alter into chlorite in a chloritization process
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(e.g. Kristmannsdóttir, 1979; Meunier et al., 1991; Inoue and Utada, 1991; Niu and
Yoshimura, 1996; Beaufort et al., 2015). In contrast, dioctahedral smectite varieties
generally alter into illite (Chang et al., 1986). The chloritization alteration may occur with
corrensite as an intermediate phase (Shau et al., 1990; Murakami et al., 1999). Corrensite
is made up of 50-50% chlorite and smectite layers with an ordered structure and may be
regarded as a thermodynamically stable independent mineral (Inoue, 1984; Shau et al.,
1990; Roberson et al., 1999; Beaufort et al., 2015). The conversion rate of smectite to
chlorite is controlled by temperature and depends on the geological setting (Meunier, 2005)
(Fig. 3). The smectite to chlorite alteration mechanism is debated and proposed to either be
a stepwise or continuous process (Beaufort et al., 2015).

Figure 3. Stability fields of saponite + chlorite/smectite, corrensite and chlorite as a
function of temperature and time for several geological processes (Meunier, 2005, Figure
8.34, page 376). Horizontal line shows time in 1000 years.

2.1.2. Alteration rates
At far-from-equilibrium conditions, the dissolution rates of basaltic glass are a function of
several parameters such as temperature and pH (Fig. 4). Basalt dissolution rates increase
exponentially and are at a minimum around neutral conditions and increase with distance
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from neutral pH (e.g. Gislason and Oelkers, 2003) (Fig. 4). Dissolution rates of glass are
commonly higher than observed for the crystalline equivalent (Gislason and Eugster, 1987).
But the difference depends on temperature and pH (Gudbrandsson et al., 2011). At 25°C
and low pH the Si:O ratio is important; dissolution rates for glasses and corresponding
minerals increase with a decrease in Si:O ratio (Wolff-Boenisch et al., 2006).

Figure 4. Calculated dissolution rates of basaltic at far-from-equilibrium conditions as a
function of temperature (°C) and pH on the x-axis. The y-axis shows dissolution rates in
log values normalised BET surfaces. Figure is taken from Gislason and Oelkers (2003).

In natural systems, the alteration of basaltic glass results in the formation of a surface
alteration layer, palagonite, as reviewed by Stroncik and Schmincke (2002). Studies on the
effect on dissolution rates due to palagonitisation are few. Based on experimental work and
in a general manner, three theories are typically used to explain controls on reaction kinetics
of glass dissolution and palagonite formation: i) Diffusion through a precipitated layer on
the parent material; ii) Diffusion through a leached layer; and iii) Reactions at the
basalt/fluid boundary (Stroncik and Schmincke, 2002).
In experiments performed by Berger et al. (1994) at temperatures between 150 – 300°C and
near neutral pH they observed the development of an amorphous silica-rich leached layer
on the basaltic glass and showed that the dissolution rate could be a function of silica
solution concentration. Daux et al. (1997) suggested the development of a silica-aluminous
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gel on the basalt surface where the dissolution rate was a function of breakdown of this gel.
Daux et al. (1997) performed experiments at temperatures of 90°C and neutral to alkaline
conditions. The alteration mechanism may, therefore, depend on temperature. Whether the
altered surface layer assumed similar to the Berger et al. (1994) or Daux et al. (1997), both
describe dissolution at near-equilibrium conditions (Gislason and Oelkers, 2003).
Studies on nuclear borosilicate glasses have shown similar dissolution mechanisms to
basaltic glasses (e.g. Malow et al., 1984; Lutze et al., 1985; Techer et al., 2000). Jollivet et
al. (2012) showed that the SON68 glass forward dissolution rate is affected by solution
ionic strength at near-neutral conditions, with increased forward dissolution rate at
increased ionic strength compared to distilled water. They proposed that the controlling
effect was the rate of hydrolysis of glass Si–O bonds, which increased in solutions with
higher ionic strength than deionized water.

2.2. Martian alteration
The geological time scale on Mars is divided into four geological periods: Pre-Noachian
(>4.1 Gya), Noachian (4.1 to 3.7 Gya), Hesperian (3.7 to 3.0 Gya) and Amazonian (3.0
Gya to present). Similarly, based on dominating alteration minerals three eras are identified:
Phyllocian, Theiikian and Siderikian (Bibring et al., 2006). These three eras broadly
conform with the three geological periods of Mars (Noachian, Hesperian and Amazonian).
The Phyllocian is dominated by formation of clay minerals, and the Theiikian is marked by
a transition from clay minerals to sulphates. The last era (Siderikian) is associated with the
formation of anhydrous ferric oxides (Bibring et al., 2006). It has been postulated that the
transition from Phyllocian to Theiikian was caused by a change in the martian climate to
more acidic conditions (Poulet et al., 2005; Bibring et al., 2006). The Siderikian, dominated
with ferric oxides, indicates surface oxidation where access to water was limited (Bibring
et al., 2006). However, restriction of phyllosilicate formation to the Noachian should be
regarded as a general outline since unambiguous clay minerals have been detected in rocks
dating from at least the Late Hesperian (e.g. Mangold et al., 2012; Carter et al., 2013)
corresponding to the Theiikian/Siderikian transition.
The orbital imaging spectrometers OMEGA (Bibring et al., 2004) and CRISM (Murchie et
al., 2007), along with the NASA rovers Spirit, Opportunity and Curiosity, provided
valuable data of the surface mineralogy of Mars for over a decade. The martian surface
rocks are mainly composed of tholeiitic basalts as observed by over a decade of surface
8

analysis (McSween et al., 2009). The detection of clay minerals (Fig. 5), is especially
important. It demonstrates that liquid water has been stable, at least episodically, on the
surface and in the sub-surface (e.g. Poulet et al., 2005; Bibring et al., 2006; Mustard et al.,
2008; Dehouck et al., 2010; Ehlmann et al., 2011; Grindrod et al., 2012; Mangold et al.,
2012; Carter et al., 2013).

Figure 5. Overview of clay mineral detection on Mars as of 2013 made by OMEGA and
CRISM. Figure taken from Carter et al., (2013). (a) Detections are divided into
morphological units and do not necessarily indicate their mode of formation. (b) Frequency
of the four interpreted classes. Only one exposure per CRISM observation is shown,
overlapping exposures of OMEGA and CRISM are excluded. The morphological units
where minerals have been formed will not be given so much attention in the remaining text,
where the focus is on their formational processes.
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Most clay mineral species observed on Mars are Fe/Mg clays such as nontronite and
saponite (Ehlmann et al., 2011). Even if zeolites are common alteration products in
basalt/water interactions on Earth (e.g. Neuhoff et al., 2000) only a few are documented on
Mars (Ehlmann et al., 2009; Carter et al., 2013). The few detections can be due to the
difficulties in detecting zeolites by NIR.
Clay mineral detections are often associated with cratered terrains (Fig. 5), but the
formation mechanism is uncertain. They may have formed in hydrothermal systems
generated by an impactor, or were present in the subsurface and excavated by an impact
event, or formed by weathering (e.g. Fairén et al., 2010; Ehlmann et al., 2011). For
subsurface alteration the heat may have been sourced from the geothermal gradient, impacts
or volcanism (Ehlmann et al., 2011; Marzo et al., 2010; Mangold et al., 2012). As reviewed
by Ehlmann et al. (2011), it seems likely that the majority of martian clay minerals formed
in subsurface closed-systems at elevated temperatures. This was inferred based on
commonly exposed crustal sections holding mineral assemblages reflecting anoxic
conditions at temperatures below 400°C. These mineral assemblages typically consist of
Fe/Mg clays, where iron is in the ferrous state, and occasionally phrenite is present which
forms at temperatures between 200 and 400°C (Ehlmann et al., 2011).
Heat generated by impact events may develop long-lived hydrothermal systems as
demonstrated by impact simulations (Rathbun and Squyres, 2002; Abramov and Kring,
2005). Such hydrothermal systems may generate secondary phases observed both in
terrestrial (e.g. Hagerty and Newsom, 2003; Osinski, 2005) and martian craters (Marzo et
al., 2010; Mangold et al., 2012; Hellevang et al., 2013a; Carrozzo et al., 2017). Secondary
phases associated with an impact-induced hydrothermal system may form in several parts
of the impact crater such as the central peak, crater rim, crater-fill and excavated sediments
(Osinski et al., 2013). Alteration occurs through the circulation of hydrothermal waters,
crater lakes and possibly through condensation of rising vapour (Newsom, 1980; Osinski
et al., 2001).
Martian climate models typically have problems explaining the long-term presence of
standing bodies of water on the martian surface, which is a necessity for the formation of
surface clay minerals. High atmospheric CO2 partial pressures should not elevate surface
temperatures above 0°C, a prerequisite for liquid water (Forget et al., 2013; Bristow et al.,
2017). Temperatures may have increased by the combination of CH4 or H2 gasses and CO2
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partial pressures higher than today (Wordsworth et al., 2017). Additionally, saline waters
produced by water-basalt interactions may have allowed liquid water at temperatures below
0°C (Fairén et al., 2009). Nevertheless, there are several lines of evidence that surface
alteration has occurred in an open system in contact with the atmosphere. Observations of
stratified clay mineral occurrences, where the top sections consist of Al clays such as
kaolinite overlying Fe/Mg clays, suggests increased leaching of the top layers compared to
the underlying clays (e.g. Ehlmann et al., 2011; Carter et al., 2015). This stratification could
be due to the downward percolation of meteoric water or snowmelt (Le Deit et al., 2012).
Authigenic minerals are observed in sedimentary units inside several craters. These can be
in situ or transported (Ehlmann and Edwards, 2014). Clay minerals and magnetite in the
Gale Crater (Vaniman et al., 2014), may have formed by diagenesis at temperatures of 10–
50°C by alteration of olivine and basaltic glass (Bridges et al., 2015).
Today’s martian atmosphere consists mainly of CO2 and studies suggest CO2 pressures
were higher in the past. The combination of an atmosphere containing CO2 in contact with
a hydrous system should produce carbonate minerals, but there have been no detections of
large carbonate accumulations. It has been suggested that the lack of large carbonate
accumulations can, for example, be due to pH conditions hampering formation of
carbonates (Fairén et al., 2004), or that CO2 partial pressures have been too low (Bristow
et al., 2017).

2.3. Volcanic and siliciclastic reservoirs
In a petroleum reservoir setting, development of the key parameters of permeability and
porosity are important factors for predicting reservoir quality. The development of these
parameters has been well studied and understood for common siliciclastic reservoirs, but
reservoirs in volcanic affected settings are less studied. Reservoir properties may be
reduced by incorporation of unstable minerals and glasses by formation secondary phases
reducing permeability and porosity, but also through increased mechanical compaction
(Mathisen and McPherson, 1991). The discovery of the Rosebank prospect in 2004 with
intra-basaltic siliciclastic reservoirs represents a new frontier in hydrocarbon exploration
in the Faroe-Shetland Basin (Duncan et al., 2009).
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2.3.1. Volcanic
The formation of clay minerals during diagenesis and surface alteration is well studied, but
there are still uncertainties regarding the consequences of intermixing or having basalts and
volcaniclastics in close proximity to a reservoir. The Rosebank field, discovered in 2004,
contain excellent intra-basaltic siliciclastic reservoir sandstones (Duncan et al., 2009). Not
all wells drilled through the same volcanic complex display similar reservoir qualities,
possibly due to a shelfal setting of the sandstones (Poppitt et al., 2016; Hardman et al.,
2019). Rosebank serves as a good candidate to study potential diagenetic effects on
reservoir properties as the siliciclastic reservoir rocks are situated between basaltic and
volcaniclastic rocks (Duncan et al., 2009; Clark, 2014).
Generally, volcaniclastic rocks in petroleum geological settings are associated with poor
reservoir quality due to formation of secondary phases and increased mechanical
compaction destroying permeability and porosity (Seemann and Scherer, 1984; Mathisen
and McPherson, 1991; Ólavsdóttir et al., 2015). The early formation of carbonates and/or
zeolites may nevertheless in some cases reduce the effect of burial mechanical compaction
of volcaniclastics (Hawlader, 1990; Luo et al., 2005; Zhu et al., 2012). Other factors that
may increase the reservoir potential of volcaniclastics are sediment reworking, fracturing
and the generation of secondary porosity due to the dissolution of unstable phases
(Seemann and Scherer, 1984; Mathisen and McPherson, 1991). This latter may occur
during shallow burial, infiltration of hydrothermal waters at depth or through near-surface
leaching (Seemann and Scherer, 1984; Luo et al., 2005). Early formed zeolites may also
dissolve during burial by infiltrated waters increasing porosity (Zhu et al., 2012).
Oil in vesicles can be interconnected by fractures in lavas. When not interconnected,
vesicles were either empty or filled by secondary clays, carbonates and zeolites (Luo et al.,
2005). Volcaniclastics and basalts may, therefore, serve as hydrocarbon reservoirs
depending on the diagenetic history (Mathisen and McPherson, 1991; Luo et al., 2005).
Hydrocarbons are found within and below volcanics from several places around the world
show that volcanic layers can act both as reservoirs and cap rocks (e.g. Zerong et al., 1989;
Wickens and McLachlan, 1990; Christiansen et al., 1994; Levin, 1995; Chen et al., 1999;
Mitsuhata et al., 1999; Rogers et al., 2006; Compton, 2009; Gupta et al., 2012).
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2.3.2. Siliciclastic
During burial, most porosity loss is due to mechanical compaction until temperatures
reaches 60‒80°C (Fig. 6). During this phase, the porosity of well-sorted quartz-rich
sandstones may be reduced to approximately 26% (Paxton et al., 2002), but magnitudes
depend on initial sandstone composition, sorting and grain size (Fawad et al., 2011). When
temperatures reach 60‒80°C, quartz precipitation strengthens the rock and prevents further
loss of porosity due to mechanical compaction (Fig. 6). During subsequent burial further
loss of porosity is due to chemical compaction. The dominant source for quartz cementation
is assumed to be dissolution of quartz at stylolites and clay laminae due to increased quartz
solubility (Oelkers et al., 1996; Bjørkum et al., 1998; Oelkers et al., 2000).
An important phase transition during chemical compaction is the formation of illite, which
may occur through the smectite to illite transition (Boles and Franks, 1979; Hower et al.,
1976) commencing at temperatures of approximately 60°C. The alteration occurs through
smectite dissolution and illite precipitation and is characterised by increasing illite/smectite
stacking order from random to regular ordered (Hoffman and Hower, 1979; Nadeau et al.,
1985; Pearson and Small, 1988). The conversion can be written in simplified forms:
1 𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 + 𝐴𝑙 3+ + 𝐾 + → 𝑖𝑙𝑙𝑖𝑡𝑒 (𝐻𝑜𝑤𝑒𝑟 𝑒𝑡 𝑎𝑙. , 1976)
2 𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 + 𝐾 + → 𝑖𝑙𝑙𝑖𝑡𝑒 (𝐵𝑜𝑙𝑒𝑠 𝑎𝑛𝑑 𝐹𝑟𝑎𝑛𝑘𝑠, 1979)
These two possible reactions mainly differ by aluminium being a mobile element in (1) or
conserved in (2). Both reactions release additional cations such as Si, Ca, Fe and Mg in
varying quantities (Boles and Franks, 1979). Through reaction 2 more Si would be released
compared to reaction 1. Silica release may contribute to the formation of secondary quartz
overgrowths (Boles and Franks, 1979; Hower et al., 1976). Additionally, released Mg and
Fe could be incorporated in chlorite formation. The source for K and Al is assumed to be
dissolving K-feldspar and possibly mica (Hower et al., 1976).
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Figure 6. Schematic overview of porosity development during burial of a clastic sandstone
reservoir (Maast, 2013).

Authigenic illite might result in significant permeability reduction at elevated temperatures
during burial (e.g. Seeman, 1979; Leveille et al., 1997). It may also form by illitisation of
kaolinite at temperatures of 130–140°C as long as potassium is available (Ehrenberg and
Nadeau, 1989; Glasmann, 1992). The availability of potassium is generally related to
dissolution of K-feldspar; the transition can be described (Bjørlykke and Aagaard, 1992):
𝐴𝑙2 𝑆𝑖2 𝑂5 (𝑂𝐻)4 + 𝐾𝐴𝑙𝑆𝑖3 𝑂8 = 𝐾𝐴𝑙𝑆𝑖3 𝑂10 (𝑂𝐻)2 + 2𝑆𝑖𝑂2 + 𝐻2 𝑂
kaolinite

K-feldspar

illite

quartz

Formation of kaolinite generally occurs as an early diagenetic stage where meteoric water
is responsible for feldspar and/or mica dissolution. The formation of kaolinite requires
removal of excess cations and supply of H+ (e.g. Bjørlykke, 1998). The reaction can be
illustrated for K-feldspar:
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2𝐾(𝑁𝑎)𝐴𝑙𝑆𝑖3 𝑂8 + 2𝐻 + + 9𝐻2 𝑂 → 𝐴𝑙2 𝑆𝑖2 𝑂5 (𝑂𝐻)4 + 4𝐻4 𝑆𝑖𝑂4 + 2𝐾 + (2𝑁𝑎+ )
feldspar

kaolinite

dissolved silica

With increasing temperature kaolinite may be replaced by dickite involving a structural
change from booklet to blocky morphology (Ehrenberg et al., 1993; Beaufort et al., 1998).
Chlorite coatings formed during diagenesis are known to have a porosity-preserving effect
on sandstones through inhibition of quartz overgrowths, resulting in high porosities at great
depths (e.g. Heald and Larese, 1974; Ehrenberg, 1993; Hillier, 1994; Berger et al., 2009).
The coatings commonly form at temperatures of 90°C or higher from a precursor coating
phase (Aagaard et al., 2000). Both Mg and Fe chlorites exist where the former is commonly
associated with aeolian or sabkha sandstones with net evaporation whereas the latter may
be related to deposits in the transition zone between marine and non-marine environments
(Hillier, 1994).
Authigenic feldspar may also form by diagenetic reactions. Authigenic albite can
precipitate during burial at the expense of plagioclase (Land and Milliken, 1981; Boles,
1982) or K-feldspar (Saigal et al., 1988). It can occur both as overgrowths and as
replacement of plagioclase with albite (e.g. Gold, 1987; Morad et al., 1990). Albitization
of plagioclase has been observed to occur in the temperature range 75 to 120°C (Boles,
1982; Morad et al., 1990).
Albitization of plagioclase has also been related to the diagenetic formation of the calcium
zeolite laumontite in arkosic sandstones (Boles and Coombs, 1977; Helmold and van de
Kamp, 1984), through the reaction (modified from Boles and Coombs, 1977):
𝑁𝑎𝑥 𝐶𝑎1−𝑥 𝐴𝑙2−𝑥 𝑆𝑖2+𝑥 𝑂8 + (2 − 2𝑥)𝑆𝑖𝑂2 8(𝑎𝑞) + (4 − 4𝑥)𝐻2 𝑂
plagioclase

= 𝑥𝑁𝑎𝐴𝑙𝑆𝑖3 𝑂8 + (1 − 𝑥)𝐶𝑎𝐴𝑙2 𝑆𝑖4 𝑂12 × 4𝐻2 𝑂
albite

laumontite

The occurrence of laumontite in reservoir sandstones commonly results in reduced
reservoir quality, but it may be unstable under certain conditions and loss of reservoir
quality is not, therefore, a necessity (Crossey et al., 1984).
Authigenic K-feldspar may also precipitate through early diagenetic reactions (De Ros et
al., 1994; Maraschin et al., 2004). The mode of authigenic K-feldspar formation is
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somewhat uncertain but may be due to leaching of volcanic material (De Ros et al., 1994)
and/or muscovite dissolution with a biogenic silica source (Bjørkum and Gjelsvik, 1988).

2.4. Geochemical modelling
Geochemical models offer a good tool to investigate water/rock interactions, especially
when combining mineral reactions and transportation. Other means of solving such
problems, can be overcomplicated and very difficult to solve. Additionally, geochemical
simulations allow the study of processes over significantly longer time frames than possible
using laboratory experiments.
Geochemical simulations are prone to uncertainties which affect the accuracy of the results.
Common uncertainties are mainly related to input data and model setup. It is often
necessary to simplify the simulated system to reduce computational time which can be
significant with increasing model complexity. Common simplifications are simulated time
(years of simulation) or whether using local equilibrium assumptions or kinetics for mineral
dissolution/precipitation reactions. Input uncertainties may be related to, e.g.
thermodynamic database, rate equations, reactive surface area, mineralogy and initial
solution composition. Evaluation of some of these uncertainties has been discussed by Gaus
et al., (2008) concerning carbon sequestration.
Despite the uncertainties, geochemical models are powerful tools for investigating
water/rock interactions and have been widely used to increase the understanding of, e.g.
CO2 sequestration (e.g. Gaus et al., 2005; Gysi and Stefásson, 2011; Hsieh et al., 2017;
Pham et al., 2011; Pham et al., 2012). Geochemical models are also important in the
evaluation of mineral formation on Mars (e.g. Griffith and Shock, 1997; Zolotov and
Mironenko, 2007; Hausrath et al., 2018) as access to martian rocks are limited to meteorites
found on Earth and identification of alteration phases are thereby mainly based on remotely
sensed data.
Deeply buried sandstones that are not influenced by magmatic activity may act as a nearly
closed system where fluid flow may have a negligible effect on the diagenetic system
(Bjørlykke and Jahren, 2012). Transportation of elements in a closed system occurs by slow
diffusional, and the process can be understood from Fick’s law:
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𝐽 = −𝐷

𝑑𝑐
(1)
𝑑𝑥

Where J is the diffusion flux, D is the diffusion coefficient (m2/s), c is the concentration of
an element and x is the distance. Equation (1) shows that the diffusional flux is proportional
to the concentration gradient, and the negative sign denotes that the flux direction is from
high to low concentrations. The element diffusion coefficient increases with burial due to
higher temperature and pressure (Oelkers and Helgeson, 1988). Additionally, the diffusion
coefficient is affected by porosity variations (e.g. Boving and Grathwohl, 2001). The effect
of porosity is expressed by tortuosity, which is the ratio of a flow path relative to the straight
line between two points — a decrease in porosity results in higher tortuosity and thereby a
lower diffusion coefficient.
Geochemical models can simulate dissolution and precipitation through kinetic rate
equations for minerals of interest, or more simplistically by using local thermodynamic
equilibrium for dissolution-precipitation reactions. Mineral evolution using local
thermodynamic equilibrium assumes precipitation commences when an infinitesimally
small degree of oversaturation is reached (Helgeson, 1968). This assumption does not allow
for oversaturation of secondary phases as observed in the feldspar-water system (Zhu and
Lu, 2009), nor for the rate of reaction. This, therefore, requires the use of kinetic
expressions also for nucleation and growth (Hellevang et al., 2013b). The conventional way
of modelling dissolution and precipitation rates of minerals is to apply a simplified
transition-state theory law taking into account pH, temperature and distance from
equilibrium (Aagaard and Helgeson, 1982; Lasaga, 1984). The kinetic rate equation gives
dissolution and precipitation rates rm (mol/s) according to:
𝑟𝑚 = 𝑆𝑚 𝑘(𝑇)(𝑚)𝑎𝑛 (1 − Ω) (2)
where Sm is the reactive surface (m2), k(T) is the temperature-dependent specific rate
coefficient (mol/m2s), a is the proton (H+) activity, n is the reaction order with respect to
H+. The 1-Ω is an affinity term reducing rates as the formation water approaches mineral
equilibrium. Such equations may introduce errors as they can be too generalised to reflect
natural conditions. This has been inferred for instance in numerical simulations of CO2
sequestration (Gaus et al., 2005), which can result in overestimations of growth potential
for some carbonates such as dolomite, magnesite and dawsonite (Pham et al., 2011;
Hellevang et al., 2013b).
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Generally, a transition-state theory (TST) approach is capable of predicting mineral
evolution both at far-from-equilibrium and close-to-equilibrium conditions for many
minerals. Compiled data made available in for example Palandri and Kharaka (2004) are
commonly based on far-from-equilibrium conditions representing the rate plateau in Figure
7. The dissolution rate at the rate plateau represents the maximum dissolution rate. This can
result in unrealistic rapid dissolution rates for some minerals, e.g. plagioclase, which is not
perfectly accounted for by the (1-Ω) term above. Figure 7 displays dissolution rates of albite
as a function of distance from equilibrium. The dotted line shows calculated dissolution
rates assuming a TST approach, whereas data points and the solid line show experimentally
derived dissolution rates (Hellmann and Tisserand, 2006). At conditions far-fromequilibrium, the modelled TST rates are similar to experimental rates, but at conditions
closer to mineral equilibrium there is a discrepancy between modelled and experimental
rates. This difference can be overcome by applying experiment-based dissolution rates, e.g.
Hellmann and Tisserand (2006) or Burch et al. (1993):
𝑟𝑎𝑙𝑏𝑖𝑡𝑒 = 𝑆𝑚 (−𝑘1 (1 − 𝑒𝑥𝑝(−𝑛𝑔𝑚1 )) − 𝑘2 (1 − 𝑒𝑥𝑝(−𝑔))

𝑚2

) (3)

where n, m1 and m2 are dimensionless parameters: 8.4 x 10-17, 15.0 and 1.45 respectively.
k1 equals 30.46 x 10-12 and k2 is 2.73 x 10-12 (mol/m2s), g gives the thermodynamic driving
force. Applying such equations improves the prediction confidence for rates close to
equilibrium.
The use of rate equations, as shown above, assumes that the dissolution rate constrains the
overall reactions, and that precipitation is relatively fast. This is not always the case, and
slow precipitation rates of secondary phases may affect the dissolution rate of feldspars
(Zhu and Lu, 2009; Zhu et al., 2010).
Reaction rates depend strongly on the availability of mineral reaction surfaces, but this
parameter may be challenging to assess for natural systems. Generally, geometric models
assuming, e.g. spherical grains and with a surface-roughness can be used to calculate
reaction surfaces. However, differences between geometric surface area and reactive
surface area have been shown to vary by several orders of magnitude (White et al., 1990;
White and Brantley, 2003). In general, ageing of surfaces tends to reduce the reactivity
(White and Brantley, 2003), and reaction surfaces of natural rocks calculated from
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geometric models should therefore be reduced by several orders of magnitude to reflect the
more realistic reactive surface area.

Figure 7. Albite dissolution rate displayed for TST (dotted line) and a fitted rate curve
based on experimental dissolution data in range from far-from-equilibrium towards
equilibrium (from -80 to 0, Kj mol-1). The horizontal line represents the rate plateau where
dissolution rate is unaffected by distance from equilibrium and represents the maximum
dissolution rate. Towards mineral equilibrium there is a discrepancy between the calculated
TST dissolution rate and experimental data. The image is taken from Hellmann and
Tisserand (2006).
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3. Summary of papers
This section gives a short presentation of Papers 1 – 3 with an overview of the main findings
and conclusions.
3.1. Paper I: Experimental hydrothermal alteration of basaltic glass with relevance to
Mars.
Meteoritics & Planetary Science, 2019
This paper investigates dissolution of basaltic glass and precipitation of secondary phases
using hydrothermal batch experiments. Varying temperatures, pCO2, fluid composition and
water:rock ratios were applied to assess how they affect precipitation of authigenic phases.
Experimental products were studied using X-ray powder diffraction, scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy and near infrared spectroscopy
(NIR). In addition, reaction path modelling was applied to increase the understanding of
the hydrothermal batch experiments. Observations of secondary minerals on Mars are
commonly done by NIR infrared studies. The combination of applying the NIR technique
with XRD and SEM analysis was performed to improve the understanding of martian
surface composition.
Main findings and conclusions
•

The batch experiments performed generated similar alterations minerals as
observed on the martian surface using an analogue tholeiitic basaltic glass as a
starting material. Saponite, the most abundant clay mineral, was observed by all
techniques in most of the performed experiments, in accordance with the reaction
path modelling. The experiments therefore can function as a reference study for
martian alteration studies.

•

Similar alteration phases were observed in experiments performed in water vapor
conditions as in experiments performed under a water:rock ratio of 10. This
demonstrates that the observed clay minerals on Mars may have formed in waterlimited conditions where water vapour was present. This includes secondary phases
associated with impact structures can be formed by circulating heated fluids or by
evaporating water vapour.

•

Both the experiments and the geochemical modelling suggest that the fluid
composition controls the zeolite species formed. Well-described zeolite chemistry

20

can therefore be used to gain a better understanding of the water chemistry during
basalt alteration.
•

XRD and SEM techniques were superior to NIR in the detection and
characterization of zeolites. This indicates that zeolite occurrences on Mars might
be underreported.
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3.2. Paper II: A diagenetic study of intrabasaltic siliciclastics sandstones from the
Rosebank field.
Marine and Petroleum geology, 2018
This paper documents the diagenetic system through petrographic studies of the intrabasaltic siliciclastic sandstones at the Rosebank discovery in the Faroe-Shetland Basin
(FSB). The successful drilling of the Rosebank prospect in 2004 proved a new play concept
in the region with producible hydrocarbons from intra-basaltic siliciclastic reservoir
sandstones. The intention of the paper was to assess eventual effects on reservoir properties
due to a close proximity to basalt units and possible intermixing of mafic minerals in
reservoir sandstones. Homogenisation temperatures of fluid inclusions trapped in quartz
overgrowths were analysed to document burial temperatures.
Main findings and conclusions
•

The petrographic studies show that the sandstones contain very little volcanic
derived detritus, which supports previous studies, demonstrating that the main sand
source probably was located outside the volcanic terrain.

•

Contrasting the siliciclastic sandstones, adjacent volcaniclastic sandstones are
regarded as non-reservoirs due to very low permeabilities and porosities. All pore
space is filled with either clay minerals or carbonates leaving minimal space for
hydrocarbons.

•

Bulk XRF analyses indicate no increase in iron and magnesium concentrations
towards the basalt/sediment interface. This indicates that Fe and Mg diffusion into
the reservoir formations from the basalt did not occur; there was no obvious increase
in mafic mineral components in the sediments towards the basalt. Consequently,
this implies that there was no increase in these elements which could have facilitated
clay mineral formation and reduction of permeability and porosity.

•

Fluid inclusion studies indicate a maximum burial temperature of 120°C, which is
supported by identified secondary minerals.

•

Differences in the suite of authigenic minerals between the different Colsay units
of the various wells, were interpreted to reflect differences in porewater chemistry
and/or detrital mineralogy.
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3.3. Paper III: Geochemical modelling of an intra-basalt sandstone reservoir:
Rosebank case study.
To be submitted.
The reservoir sections of the Flett Formation of the Rosebank field consist of intra-basaltic
reservoir sandstones with very good reservoir properties. This paper builds upon paper II
by studying the diagenetic system at the basalt-sandstone interface by the application of
geochemical modelling. This interface has earlier been poorly studied due to the lack of
available core material. The PHREEQC (v3) geochemical model (Parkhurst and Appelo,
2013) was used in combination with the carbfix.dat database (Voigt et al., 2018).
Dissolution products of primary minerals and basalt reacted by kinetic rate equations, while
secondary phases precipitated after local equilibrium assumptions. The model combines
dissolution-precipitation reactions with diffusion, allowing to study the geochemical
system as a function of distance from the basalt-sandstone interface and time.
Main findings and conclusions
•

The basalt dissolution rate in the simulations was controlled by silica concentration
and distance from chalcedony equilibrium through the affinity term. This resulted
in insignificant difference in the dissolution rate with respect to available basalt
reactive surface area. The interaction of basalt dissolution, the evolution of primary
and secondary silica holding phases, and diffusion buffered the solution with
respect to silica limiting the basalt dissolution rate.

•

Precipitation of secondary phases (clay minerals and carbonates) was mainly
limited to the basalt-sandstone interface.

•

Precipitation of secondary phases at the basalt-sandstone interface buffered the
solution for key elements, hampering the formation of secondary phases beyond the
interface. Temporal and spatial evolution of saturation indexes for secondary phases
indicate precipitation of secondary phases beyond the interface may not occur over
significantly longer simulations times.

•

In total, the simulations indicate no negative effects on reservoir geological
properties due to the presence of an unstable mafic lithology.
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4. Unresolved questions, further work and concluding remarks
Dissolution of basalt and formation of secondary phases affects several general geological
topics. The intention of this PhD was to study basalt alteration and possible consequence
on petroleum reservoir properties, and martian alteration mechanisms. The following part
of the thesis introduction focuses on unresolved questions and further work. It is divided
into two sections; the first section on Paper I and the second combining Papers II and III.
Paper I
Elucidating the alteration of martian basalts to secondary phases is a complex operation,
based on remotely sensed data derived mainly from orbital spectrometers. Surface deployed
rovers have analysed martian rocks for some time, but they have only accessed a very small
portion of the martian surface. Results sent back from these instruments have been analysed
and compared with observations made on Earth and with geochemical experiments and
models. The lack of returned samples makes the study of the alteration history and timing
difficult and open to considerable uncertainties.
Zeolites were part of the alteration phases in almost all the experiments. However, the
occurrence of this secondary mineral group on Mars seems limited (Ehlmann, et al., 2009;
Carter et al., 2013). Paper I pointed out that this may be due to difficulties in detecting
zeolites in NIR data (Near Infrared Spectroscopy), which has been the main method for
mapping secondary mineral phases on Mars. The Curiosity rover has used XRD to explore
altered rocks at the Gale Crater without observing any zeolites. The lack of zeolites in the
Gale Crater may reflect local or regional variations. It may be that alteration conditions on
Mars have not allowed the formation of zeolites. Solving such questions could be beneficial
as specific zeolite assemblages are related to specific temperatures and alteration systems
as observed on Earth (e.g. Neuhoff et al., 2000).
The performed hydrothermal experiments in Paper I investigated the formation of alteration
minerals in rock and water dominated systems. Comparable alteration mineralogies
occurred in both systems with the formation of smectites, zeolites and carbonates. This
suggests that the observed martian alteration mineralogy may form in water-restricted
environments, and especially where water vapour may condense on basaltic rocks at
elevated temperatures. Furthermore, experiments differing in initial pCO2 supports
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previous studies that high pCO2 should have produced abundant carbonates which have not
been observed on Mars.
Papers II and III
The results of Paper II indicate diagenetic trends reflecting increased burial of reservoir
sands with limited or no effect from the adjacent basalts and volcaniclastics. Paper III was
composed as a consequence of Paper II and considered the geochemical system as a
function of distance from the basalt since no available cores were covering the basaltreservoir transition. Simulated results for the basaltic section and sandstones compare well
with mineral observations in Paper II, and the two papers complement each other. Larsen
et al. (2016) studied a possible Rosebank analogue on Greenland where siliciclastic
sandstones are present between basalts. They concluded that intermixing of unstable
material, especially volcanic glass, was responsible for reduced permeability and porosity.
The results of the geochemical model in Paper III supports this conclusion. The simulated
results indicated little to no effect on reservoir properties due to the close proximity of a
basalt.
Studies on volcaniclastics (Mathisen, 1984) have shown possible high porosities at shallow
burial depths due to leaching of unstable phases. However, volcaniclastic intervals in the
Rosebank core samples displayed little to no visible porosity in thin section (Paper II) and
they have not been regarded as potential reservoirs. If early leaching of unstable phases
with porosity generation occurred on Rosebank this has not been preserved. A better
understanding of the lateral distribution and thickness of volcaniclastics on Rosebank
would help provide better estimates on the total volume of producible sections.
A better understanding of the occurrence of laumontite would be beneficial. Generally, the
presence of laumontite in reservoir sections results in a reduction of reservoir quality (e.g.
Helmold and van de Kamp, 1984). Other studies have shown laumontite stability to be a
function of pH and pCO2, and subsequent effects on reservoir properties may differ
between different reservoirs (Crossey et al., 1984). At Rosebank, the occurrence of
laumontite does not seem to affect porosity severely, due to the patchy occurrence of the
zeolite (Paper II). The mechanisms for laumontite precipitation and distribution are not
clear but may reflect differences in pore fluid chemistry. Since the presence of laumontite
was limited to one well, the formation of laumontite may be a result of lateral differences
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in detrital mineralogy or perhaps depositional conditions. A better understanding of
mechanisms of formation can be beneficial, as it may be local or regional.
Core samples acquired either from future Rosebank wells or from representative analogues
could contribute to a discussion about the geochemical model proposed in Paper III. Such
additional studies would also benefit optimising the model and further increase the
understanding of the geochemical system at the basalt-sandstone interface. The results of
the simulations indicate increased precipitation of secondary quartz at the basalt-sandstone
interface and adjacent cells. This should be possible to confirm by detailed thin section
studies of samples taken from the basalt into the sandstone, across the interface. The results
may give comparable results of increased amounts of quartz overgrowths as observed
towards stylolites in quartz-rich sandstones (Oelkers et al., 2000; Walderhaug and Bjørkum,
2003). The model also predicted increased formation of clay minerals and carbonates at the
basalt-sandstone interface. Paper II supports the simulated formation of clays and
carbonates in the basalt, but confirmation of their spatial distributions was not possible with
the available cores but ought to be done to confirm the simulated results.
Paper III did not address the intermixing of siliciclastic and mafic minerals or glass; that
might be an important and useful expansion of the model. Future studies should include
intermixing of mafic minerals in different ratios to simulate diagenesis of volcaniclastic
sediments. This may be coupled with a porosity function to further simulate temporal
porosity change (e.g. Pham et al., 2012):
∆ø𝑡 = (1 −

Σ𝑎 𝑛𝑎,𝑡 𝑣𝑎
) − ø𝑡=0
𝑉𝑡𝑜𝑡

Where ø is porosity, t is time, a an arbitrary mineral phase, n is moles, v is molar volume
and Vtot is the total volume of the system. If possible, temporal evolution of porosity may
be coupled with change in effective diffusion coefficient through tortuosity (Boving and
Grathwohl, 2001). This would be important as basalt dissolution rates are controlled by the
combined effect of silica diffusion and precipitation of silica-holding phases (Paper III).
This model expansion could indicate on the effect of intermixing siliciclastic and mafic
minerals, and potentially the amount of mafic minerals, which a reservoir section might
contain before the reservoir is lost due to pervasive loss of permeability and porosity.
Additionally, as the reservoir sections may have experienced higher temperatures than
today (120 vs 80°C) (Paper II) higher temperatures might be simulated. This is to assess
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the effect of increased dissolution rate with temperature (e.g. Gislason and Oelkers, 2003)
on secondary minerals and subsequent reservoir quality.
The Rosebank formation water composition is unknown, and an artificial water
composition was generated by means of geochemical modelling and use of a proxy for the
initial water composition. The initial water composition used may be of importance for
understanding the generation of secondary phases, and it is recommended to acquire water
samples in future wells. This would also be beneficial in order to assess the saturation state
of identified secondary phases in Paper II. This may additionally result in more precise and
confident simulation results.
Awaiting returned samples from Mars, the only possible way of deducing the alteration
history of the planet is through remotely sensed data, geochemical simulations, hydrous
experiments and comparison with Earth alteration systems. Geochemical simulations are
especially useful tools when access to rock samples are scarce. This applies to Mars and
understanding the reservoir quality of the intra-basaltic siliciclastic reservoir system on
Rosebank, which is the frontier in hydrocarbon exploration in the Faroe-Shetland Basin.
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